Abstract Black beetle (Heteronychus arator) is a sporadic but serious pest of North Island pastures. Field trials were established to test the efficacy of insecticides currently registered for use against scarab pests in pasture. Three life stages were targeted: newly emerged black beetle adults in autumn, egg-laying adults in spring and newly hatched larvae in early summer. Although the insecticides used caused significant beetle mortalities in spring, no treatment reduced the subsequent larval populations in summer. Similarly, while the autumn application caused significant beetle mortality; the number of surviving black beetle adults remaining in the plots was not affected. Soil factors and the high mobility of adult beetles are likely to have contributed to treatment failure.
INTRODUCTION
Although sporadic, black beetle (Heteronychus arator (F.)(Scarabaeidae)) is a major problem in northern North Island pastures. Severe pasture damage was documented in 1957 -59, 1961 -63, 1968 , 1970 -75 (King 1979 ), 1999 -2000 (Watson et al. 2000 and more recently from 2007 (Bell et al. 2011 . These outbreaks have all coincided with La Niña weather patterns where warmer conditions than normal occur (NIWA 2011) . Warm springs allow for early oviposition, rapid egg and larval development, and greater survival over summer (East et al. 1981) . Ryegrass pastures are vulnerable to black beetle damage, especially if paspalum (King 1976) or a susceptible endophyte is present (Popay & Thom 2009 ). Larval feeding during summer often results in plant pulling by stock (Watson et al. 2000) , and in severe cases the pasture composition changes as the bare ground is taken over by clover and weeds (Todd 1964) .
Chemicals have been applied to pastures in an attempt to reduce black beetle populations since the 1950s. However, insecticides such as dieldrin, which gave good control of black beetle, have long been banned from use (King & Mercer 1974) . Chlopyrifos, alpha-cypermethrin and diazinon have current registration for activity against scarabs, but field testing against black beetle over the last 40 years has resulted in inconsistent levels of control. Although no insecticides are currently recommended for use against black beetle in pasture, many farmers are resorting to them in the hope that they will give adequate control. This paper presents results from two field trials where three insecticides were used to target different stages of the black beetle life cycle.
METHODS

Autumn application against adults
The trials were conducted on two farms in the Waikato (Gordonton and Ruawaro) in April 2001. Initial black beetle populations were determined by counting the beetles in 25 spade-squares (200 mm × 200 mm) within the trial area. Insecticides used were alpha-cypermethrin (Fastac®, 10 and 15 g ai/ha) and chlorpyrifos (Lorsban®, 60 g ai/ha) ( Table 1) . Treatments were applied during the first week of April 2001 using a CO 2 powered precision sprayer with a 3 m wide hand-held boom fitted with Tee Jet 80015 nozzles and operated at 200 kPa. Application volume was 150 litres/ha. Plot size at each farm was 15 m × 15 m and each treatment was replicated four times in a randomised block design. Pasture at the Gordonton site was grazed just before application, whereas the Ruawaro site was new pasture and treatments were applied 4 weeks after sowing.
Three days after treatment application, dead black beetles on the soil surface were counted in 10 randomly placed quadrats (645 mm × 345 mm) per plot at the Gordonton site only. Ten days after treatment, 15 spade-squares (200 mm × 200 mm) per plot were hand-sorted at both sites, and live and dead (included moribund) beetles recorded per sample.
Spring application against adults
The trials were established on three farms in the Waikato, (Gordonton, Morrinsville and Ruakura) in October 2010. The Gordonton and Morrinsville sites had peat soil whereas the Ruakura site had a mineral soil high in organic matter. Pre-treatment black beetle populations were determined at each farm by counting the number of beetles in 40 spade-squares over each trial area. Insecticides used were alphacypermethrin (Fastac®, 15 g ai/ha), chlorpyrifos (Chlorpyrifos 48 EC, 72 g ai/ha) and diazinon (Diazinon 20G, 2200 g ai/ha) ( Table 2 ). All treatments were applied 2 days after grazing between 7 and 19 October. Chlorpyrifos and alpha-cypermethrin were applied using a CO 2 powered precision sprayer, whereas diazinon was measured into containers and broadcast over the plots by hand through a perforated lid. For all trials, plot size was 12 m × 12 m with four replicates per treatment in a randomised block. Treatments were applied in dry conditions and rainfall occurred prior to and 2 days following treatment. Seven days post-treatment, five spade squares per plot were hand-sorted and the number of beetles found alive or dead was recorded per sample.
Because black beetle adult populations are low in spring, an additional experiment (ring trial) was conducted at the Ruakura trial site. At 24 h after insecticide treatment, six 30 cm diameter rings were hammered into the soil in each of the untreated, alpha-cypermethrin and chlorpyrifos treated plots. No dead beetles were observed on the surface at the time. Five adult beetles were then seeded into each ring. Dead beetles on the soil surface were counted and removed at 1, 2, 4 and 6 days after being introduced. The soil inside the rings was dug up 10 days after treatment and all beetles found were recorded.
The effect of the treatments on the subsequent larval generation was determined by counting the number of larvae present in ten 10 cm diameter cores/plot between 12 and 17 January 2011. An additional 15 cores/plot were assessed on 2 February 2011 at each trial site in the chlorpyrifos and alpha-cypermethrin treated plots only.
Summer application against larvae
This summer application was part of the above 2010 randomised block trial. However, treatment of plots with diazinon was delayed until 20 December 2010 when newly hatched larvae were present and sufficient rainfall had occurred to allow movement of the pesticide into the soil. Rainfall occurred just prior to application (16 mm) and over the following 2 days (80 mm). Plots were sampled once in mid January, being 4 weeks post treatment and coinciding with the sampling of the spring-treated plots.
All data were analysed using ANOVA in GenStat.
RESULTS
Autumn application against adults
Pre-treatment black beetle populations at the Gordonton and Ruawaro sites were 27 and 38/m 2 , respectively. At the Gordonton site 3 days post-treatment, more dead adults were found on the soil surface in the alpha-cypermethrin-treated plots than in the chlorpyrifos or untreated plots (P<0.001) ( Table 1 ). There were also significantly higher numbers of dead adults found in the soil samples from both alpha-cypermethrin treatment rates compared to the untreated plots (P<0.01) (Table 1) . However, at the Ruawaro site, alphacypermethrin caused significant beetle mortality at the 15 g ai/ha rate only (P<0.05). Chlorpyrifos had little effect on the number of live or dead beetles at either site. No treatment significantly reduced the number of live beetles recovered with similar numbers found in all plots.
Spring application against adults
Pre-treatment sampling at the Gordonton, Morrinsville and Ruakura sites revealed black beetle spring populations of 10/m 2 , 18/m 2 and 9/m 2 respectively. Post-treatment results between the three farms were not significantly different, so the pooled data are presented (Table 2 ). There was no difference in the number of live adults found in the spade squares 1 week post treatment and there were too few dead adults recovered to analyse. However, when beetles were seeded into the ring trial, the percentage of dead beetles recovered after 10 days was significantly higher in the chlorpyrifos and alpha-cypermethrin-treated rings compared with untreated (P<0.05).
There was no significant difference in larval numbers in the treated plots compared with untreated plots when sampled in January 2011 ( Table 2) . As the additional larval assessment in February made little difference to the analyses, only the January data are presented.
Summer application against larvae
Pre-sampling of the plots at 1 week prior to treatment showed the larval population was only 11/m 2 . However, black beetle eggs were also present at this time (data not presented). The December application of diazinon granules resulted in no significant reduction in larval numbers at 4 weeks post treatment compared with untreated plots (Table 2) . 
DISCUSSION
15-20/m
2 can cause severe ryegrass plant mortality during drought conditions (P.J. Addison, personal observations). Similar results where insecticides have been ineffective in controlling black beetle have been reported previously. In a field scale trial, chlorpyrifos gave poor control of larvae when applied at 2 kg/ha in December (Watson & Wren 1980) as did diazinon (Watson et al. 1978; Blank et al. 1982) . However, applications have been effective when test sites had sandy loam soil: Todd (1969) found a broadcast application of diazinon in either autumn or spring resulted in over 80% adult mortalities when beetles were seeded and confined on plots and Watson & Webber (1976) achieved a significant reduction in larval numbers after a December treatment of diazinon. In all trials diazinon had been applied at either 2 or 2.2 kg/ha as in the current trial.
Black beetle populations and damage is usually greatest on coastal sands and soils with high organic matter content (Blank & Olsen 1988) . Previous studies have indicated that organic matter plays a major role in the inactivation of insecticides in soil (King & Mercer 1974; Watson & Webber 1975) , which largely explains the lack of effect in past and current trials. All three sites in the 2010/11 trial had soil high in organic matter. Application timing is also important, especially that of diazinon in its granular formulation, which requires rainfall or high soil moisture in order to penetrate the soil (Udy 1977) . Also, if diazinon is applied too early in summer when few eggs have hatched, the targeted larvae could be missed.
Chemicals such as diazinon that have short residual activity may therefore only be effective if applied once egg laying is complete (Watson et al. 1978) . This may have occurred in the current study as the larval population was only 11/m 2 in the pretreatment sampling and increased to >60/m 2 in January. In addition, there is difficulty in achieving good exposure of the pest to the insecticide. As the insecticides tested are not systemic and the larvae feed below the soil surface, they may ingest no insecticide. Although the beetles feed on the base of stems, they are often found below the soil surface so may also contact little, if any, insecticide. The beetles are also very mobile with mass flights often occurring in autumn (King 1979) allowing for infestation into new areas. Both flight and ground dispersal would have contributed to the lack of efficacy of the insecticidal treatments against adults in the plot experiments, in spite of dead beetles being observed on the soil surface.
Because of the difficulty in application timing, the inefficacy of treatments on the black beetleprone peaty soils, the likelihood of beetle reinvasion and that it will not prevent subsequent damaging larval populations, the use of the pesticides reported in this paper to control black beetle in pasture is not recommended. However, previous work has shown that establishing a non-host crop prior to pasture renewal to reduce black beetle populations (Bell et al. 2011 ) and then sowing seed containing an endophyte with proven black beetle deterrence (Popay & Thom 2009 ) to be beneficial in black beetle prone areas. 
